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ABSTRACT 
 
Flood is one of the most damaging natural disasters worldwide. 
Flood problems lead to significant damages. In addition to loss of lives, 
floods result in damages to ecosystem, properties, and poses risk to public 
health. The unexpected occurrence of floods results in bigger amount of 
damages and higher costs of rehabilitation than the predicted flood event. 
Thus, the need for flood forecast especially flood early warning systems 
is vital. 
 
Along the Blue Nile River the floods have been the most common 
form of natural disaster. In recent years the frequency of natural disasters 
associated with extreme floods events were increased (e. g. 1988, 2003, 
and 2007). The floods have negative impacts to Khartoum State. This 
results mainly in loss of lives and properties. To combat or reduce such 
impacts, two broad approaches can be used namely structural and non 
structural. This work falls in the non structural approach. The main 
objective of this study is to develop a model that is capable of issuing 
forecast flows at Khartoum based on measured flows at Sennar, Dinder, 
and Rahad with a suitable lead time. 
                  The Linear Perturbation Model(LPM) was used as substantive 
model. The model was calibrated using 11 years of data and verified 
using 5years of data. The model was used in two forms namely 
parametric and non parametric as well as in single input- single output 
and multiple input-single output forms. 
 
The calibrated models are then updated using both linear transfer 
function (LTF)and autoregressive(AR) models with lead time of up to six 
days. The model is then used for real time forecasting after calibration 
and updating. 
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         Based on Nash – Sutcliffe efficiency criteria, the model 
performance is judged and found very satisfactory in all its forms and 
stages of uses.   During the calibration period the model efficiencies are 
94.2% and 95.5% for the cases of single input- single output and multiple 
inputs – single output for Non-Parametric LPM respectively. The model 
efficiencies during the verification period (R2) are 93.0% and 91.6% for 
the cases of single input- single output and multiple inputs – single output 
for Non-Parametric LPM respectively. 
              For the model in parametric form, (R2) is 99.73%   during the 
calibration period for single input case and 99.72% for multiple input. 
While during the verification period of the parametric form the R2 are 
99.76% and 99.75% for  single and multiple input cases respectively. 
 
The calibrated models in updating mode for six days lead time 
provide efficiencies ranging from 99.5% to 96.5% for  single input- 
single output for  non parametric case and  99.5% to 96.for multiple 
input- single output for   non parametric case. For the Parametric case the 
model efficiencies ranging from 99.5% to 96.5% and 99.5% to 96.7 % for 
single input and multiple inputs respectively.  
 
It can be concluded that the flow at Khartoum can be forecasted to 
an excellent degree using the flow at upstream station. It is also showed 
that the effect of the Rahad and Dinder on flows at Khartoum is 
negligible. 
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  :  ﺍﻟﻤﻠﺨﺹ
ﺘﻌﺘﺒﺭ  ﻓﻴﻀﺎﻨﺎﺕ ﺍﻷﻨﻬﺭ ﻤﻥ ﺃﻜﺜﺭ ﺍﻟﻜﻭﺍﺭﺙ ﺍﻟﻁﺒﻴﻌﻴﺔ ﺍﻟﻤﺩﻤﺭﺓ ﻓﻲ ﺍﻟﻌﺎﻟﻡ  ﻭ ﻴﻨﺘﺞ ﻋﻨﻬـﺎ 
ﺨﺴﺎﺌﺭ ﻓﺎﺩﺤﺔ  ﺘﺘﻤﺜل ﻓﻲ ﻓﻘﺩﺍﻥ ﺍﻷﺭﻭﺍﺡ ﻭ ﺍﻟﻤﻤﺘﻠﻜﺎﺕ ﺘﻬﺩﻴﺩ ﺍﻟﺼﺤﺔ ﺍﻟﻌﺎﻤـﺔ  ﻭ ﺘـﺩﻨﻰ ﺍﻟﻨﻅـﺎﻡ 
ﻭ ﻴﻨﺘﺞ ﻋﻥ ﺍﻟﻔﻴﻀﺎﻨﺎﺕ  ﻏﻴﺭ ﺍﻟﻤﺘﻭﻗﻌﺔ ﺨﺴﺎﺌﺭ ﺃﻓﺩﺡ ﻭ ﺍﻜﺒﺭ ﻭﻜﺫﻟﻙ  ﺘﻜـﺎﻟﻴﻑ ﺃﻋﻠـﻰ .  ﺍﻟﺤﻴﻭﻱ
ﻭﻫﻨﺎ ﻴﻅﻬﺭ ﺍﻻﺤﺘﻴﺎﺝ ﺇﻟﻰ ﻨﻅﺎﻡ ﺇﻨـﺫﺍﺭ  ﻤﺒﻜـﺭ . ﻴﻊ ﺇﻋﺎﺩﺓ ﺍﻟﺒﻨﺎﺀ ﻤﻥ ﺍﻟﻔﻴﻀﺎﻨﺎﺕ ﺍﻟﻤﺘﻭﻗﻌﺔﺍﻟﻤﺸﺎﺭ
  .ﻟﻠﻔﻴﻀﺎﻨﺎﺕ 
ﻓﻴﻀﺎﻨﺎﺕ ﺍﻟﻨﻴل ﺍﻷﺯﺭﻕ ﺘﻌﺘﺒﺭ ﻤﻥ ﺍﻟﻜﻭﺍﺭﺙ ﺍﻟﻁﺒﻴﻌﻴﺔ ﺍﻻﻋﺘﻴﺎﺩﻴﺔ ﻓﻲ ﺍﻟﻤﻨﻁﻘﺔ ﻓﻘﺩ ﺸﻬﺩﺕ    
ﺍﻟﺴﻨﻭﺍﺕ ﺍﻟﻘﻠﻴﻠﺔ ﺍﻟﻤﺎﻀﻴﺔ ﺯﻴﺎﺩﺓ ﻓﻲ ﻤﻌﺩﻻﺕ ﺘﻜﺭﺍﺭ ﺍﻟﻔﻴﻀﺎﻨﺎﺕ  ﺍﻟﻤﺴﺒﺒﺔ  ﻓﻲ ﺤـﺩﻭﺙ ﻜـﻭﺍﺭﺙ 
 ﺍﻟﺘﻲﺴﺎﻟﺒﺔ ﻋﻠﻰ ﻭﻻﻴﺔ ﺍﻟﺨﺭﻁﻭﻡ  ﻭ  ﺃﺜﺎﺭﻫﺫﻩ  ﺍﻟﻔﻴﻀﺎﻨﺎﺕ ﻜﺎﻨﺕ ﻟﻬﺎ (. 7002-3002 -8891)
  .ﻭ ﺍﻟﻤﻤﺘﻠﻜﺎﺕ  ﺍﻷﺭﻭﺍﺡ ﻓﻲﻋﻥ ﻓﻘﺩﺍﻥ  ﺃﺴﻔﺭﺕ
ﻻ  ﺃﻭ ﺇﻨﺸـﺎﺌﻴﺔ ﻁﺭﻴﻘـﺔ  ﻓﻲﺘﻘﻠﻴل ﺍﺜﺭ ﺍﻟﻔﻴﻀﺎﻨﺎﺕ ﺘﻤﺜﻼﻥ   ﺃﻭﻭﻫﻨﺎﻟﻙ ﻁﺭﻴﻘﺘﺎﻥ  ﻟﻤﺤﺎﺭﺒﺔ        
ﻟﻬـﺫﻩ  ﺍﻟﺩﺭﺍﺴـﺔ  ﺍﻟﺭﺌﻴﺴﻲﺍﻟﻬﺩﻑ . ﺍﺴﺘﺨﺩﺍﻡ ﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﻼﺍﻨﺸﺎﺌﻴﺔ  ﻓﻴﻪﻭ ﻫﺫﺍ ﺍﻟﺒﺤﺙ ﺘﻡ . ﺇﻨﺸﺎﺌﻴﺔ
ﻟﻪ ﺍﻟﻤﻘﺩﺭﺓ ﻋﻠﻰ ﺍﻟﺘﻨﺒﺅ ﺒﻤﻌﺩل ﺍﻟﺠﺭﻴﺎﻥ ﻋﻨﺩ ﻤﺩﻴﻨـﺔ ﺍﻟﺨﺭﻁـﻭﻡ  ﺭﻴﺎﻀﻲﺘﻁﻭﻴﺭ ﻨﻤﻭﺫﺝ  ﻓﻲﻴﺘﻤﺜل 
ﻭ ﻨﻬﺭﻯ ﺍﻟﺩﻨﺩﺭ ﻭ ﺍﻟﺭﻫﺩ  ﺍﻟﻤﻘﺎﺴﺔ ﻋﻨﺩ ﻤﺤﻁﺎﺕ  ﻗﻴـﺎﺱ   ﺍﻷﺯﺭﻕﺒﻨﺎﺀﺍ ﻋﻠﻰ ﻤﻌﺩل ﺠﺭﻴﺎﻥ ﺍﻟﻨﻴل 
 ﺍﻟﺭﻴﺎﻀﻲﺍﻟﻨﻤﻭﺫﺝ   ﻴﻘﻭﻡ.  ﺍﻟﺘﻭﺍﻟﻲﻋﻠﻰ ( ﻗﻭﻴﺴﻰ -ﺍﻟﺤﻭﺍﺘﺔ -ﺨﺯﺍﻥ ﺴﻨﺎﺭ )ﺍﻟﺘﺼﺭﻑ ﻟﻜل ﻤﻨﻬﻡ 
                           .ﺍﻟﻤﻘﺒﻠﺔ ﺍﻷﻴﺎﻡﺍﻟﺠﺭﻴﺎﻥ ﻟﻤﺩﻴﻨﺔ ﺍﻟﺨﺭﻁﻭﻡ  ﻟﻌﺩﺩ ﻤﻨﺎﺴﺏ ﻤﻥ  لﺒﺎﻟﺘﻨﺒﺅ ﻤﻌﺩ 
 ﻋﺎﻡ 11ﺍﺴﺘﺨﺩﻡ ﻜﻨﻤﻭﺫﺝ ﺍﺴﺎﺴﻰ ﻟﻌﻤﻠﻴﺔ ﺍﻟﻤﻌﺎﻴﺭﺓ  ﺘﻡ ﺍﺴﺘﺨﺩﺍﻡ ﺒﻴﺎﻨﺎﺕ   ﺘﺼﺭﻴﻑ  MPL
ﺒﺘﻁﺒﻴـﻕ ﻭﺫﻟـﻙ  ﺍﻟﺭﻴﺎﻀـﻲ ﺘـﻡ ﺍﺴـﺘﺨﺩﺍﻡ  ﺍﻟﻨﻤـﻭﺫﺝ . ﺃﻋﻭﺍﻡ  5ﻟﻌﻤﻠﻴﺔ ﺍﻟﺘﺩﻗﻴﻕ ﻓﻘﺩ ﻜﺎﻨﺕ ﺃﻤﺎ
 -ﻤـﺩﺨل ﻤﻨﻔـﺭﺩ  ﻜل  ﺍﻟﻨﻅﺎﻤﻴﻥ ﺍﺴﺘﺨﺩﻤﺎ ﻁﺭﻴﻘـﺔ  ﻓﻲ cirtemarap-non dna cirtemarap
  .ﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ  -ﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ ﻭ ﻤﺩﺨل ﻤﺘﻌﺩﺩ 
 v
 
 ﺃﻴـﺎﻡ ﻟﻤﺩﺓ ﺴﺘﺔ   FTL ﻭ RA  ﺍﻟﻤﻌﺎﻴﺭ ﺒﺎﺴﺘﺨﺩﺍﻡ   ﺍﻟﺭﻴﺎﻀﻲﺘﺼﺤﻴﺢ  ﺍﻟﻨﻤﻭﺫﺝ  ﺘﻡ     
     .ﺨﺭﻁﻭﻡ ﻟﻬﺫﻩ ﺍﻟﻔﺘﺭﺓ ﻭﻤﻥ ﺜﻡ ﺘﻡ ﺍﺴﺘﺨﺩﺍﻤﻪ  ﻟﻠﺘﻨﺒﺅ ﺒﻤﻘﺩﺍﺭ  ﺍﻟﺘﺼﺭﻑ  ﻋﻨﺩ ﻤﺩﻴﻨﺔ ﺍﻟ. ﻤﻘﺒﻠﺔ 
   -hsaNﺍﻟﻤﻭﻀـﻭﻋﺔ ﺒﻭﺍﺴـﻁﺔ   ﺍﻟﺭﻴﺎﻀـﻲ ﺒﻨﺎﺀ  ﻋﻠﻰ  ﺨﺼﺎﺌﺹ  ﻜﻔﺎﺀﺓ  ﺍﻟﻨﻤﻭﺫﺝ  
ﺍﻟﻜﻔـﺎﺀﺓ . ﺍﻻﺴﺘﻌﻤﺎﻻﺕﻤﻘﻨﻊ ﺠﺩﺍﹰ ﻓﻲ ﻜﹸّل ﺃﺸﻜﺎِﻟﻪ ﻭﻤﺭﺍﺤﻠﻪ ﺝ ﺃﺩﺍﺀ ﺍﻟﻨﻤﻭﺫﻓﻘﺩ ﻭﺠﺩ ﺃﻥ   effilctuS
ﻤﺨـﺭﺝ   -ﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ ﻭ ﻤﺩﺨل ﻤﺘﻌﺩﺩ  -ﻤﺩﺨل ﻤﻨﻔﺭﺩﻋﻤﻠﻴﺔ ﺍﻟﻤﻌﺎﻴﺭﺓ ﻟﻜل ﻤﻥ   ﺃﺜﻨﺎﺀﺍﻟﻨﺎﺘﺠﺔ 
ﺍﻟﻜﻔﺎﺀﺓ ﺃﺜﻨـﺎﺀ    .ﺍﻟﺘﻭﺍﻟﻲﻋﻠﻰ %54.59   و2.49 ﻭﺠﺩﺕ cirtemarap-nonﺤﺎﻟﺔ   ﻤﻨﻔﺭﺩ ﻓﻲ
ﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ ﻭ ﻤﺩﺨل  -ﻟﻜل ﻤﻥ  ﻤﺩﺨل ﻤﻨﻔﺭﺩ %75.19 و  %0.39ﻋﻤﻠﻴﺔ ﺍﻟﺘﺩﻗﻴﻕ ﻓﻘﺩ ﻭﺠﺩﺕ 
                . ﺍﻟﺘﻭﺍﻟﻲﻋﻠﻰ  cirtemarap-nonﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ ﻓﻲ ﺤﺎﻟﺔ    -ﻤﺘﻌﺩﺩ 
ﻋﻤﻠﻴﺔ  ﺃﺜﻨﺎﺀ  %37.99 ﻓﻘﺩ ﻭﺠﺩﺕ ﺍﻟﻜﻔﺎﺀﺓ   cirtemarapﺝ ﺤﺎﻟﺔ ﺍﺴﺘﺨﺩﺍﻡ ﺍﻟﻨﻤﻭﺫ ﻓﻲ 
ﻭ  %37.99ﻜﺎﻨﺕ ﻗﻴﻤﺔ ﺍﻟﻜﻔـﺎﺀﺓ ﻭ.  ﻟﻤﺩﺨل ﻤﺘﻌﺩﺩ %27.99ﺔ ﻤﺩﺨل ﻤﻨﻔﺭﺩ ﻭ ﺤﺎﻟ ﻓﻲﺍﻟﻤﻌﺎﻴﺭﺓ 
  -ﻤﺨﺭﺝ ﻤﻨﻔـﺭﺩ ﻭ ﻤـﺩﺨل ﻤﺘﻌـﺩﺩ  -ﻟﻜل ﻤﻥ  ﻤﺩﺨل ﻤﻨﻔﺭﺩﻋﻤﻠﻴﺔ ﺍﻟﺘﺩﻗﻴﻕ   ﺇﺜﻨﺎﺀ %57.99
  .  ﺍﻟﺘﻭﺍﻟﻲﻋﻠﻰ ﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ 
  ﻜﻔﺎﺀﺓ  ﺘﺘﺭﺍﻭﺡ ﺒﻴﻥ  ﺃﻅﻬﺭﺕ ﺃﻴﺎﻡﻟﻤﻌﺎﻴﺭ ﻟﻔﺘﺭﺓ ﺴﺘﺔ ﻋﻤﻠﻴﺔ ﺍﻟﺘﺼﺤﻴﺢ ﻟﻠﻨﻤﻭﺫﺝ ﺍ   
ﻭ  cirtemarap non ﻓﻲ ﺤﺎﻟـﺔ    ﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ -ﻤﺩﺨل ﻤﻨﻔﺭﺩ ﺤﺎﻟﺔ ﻓﻲ    %5.69  %5.99
 ﻓـﻲ    .ﻤﺨﺭﺝ ﻤﻨﻔـﺭﺩ   -ﻤﺩﺨل ﻤﺘﻌﺩﺩ  ﺤﺎﻟﺔ ﻓﻲ 69  0.% إﻟѧﻰ    %5.99  ﺘﺘﺭﺍﻭﺡ ﺒﻴﻥ  ﺔﻗﻴﻤ
إﻟѧﻰ    %5.99  و  %5.69 إﻟѧﻰ    %5.99  ﺘﺭﺍﻭﺤﺕ ﻗﻴﻤﺔ ﺍﻟﻜﻔﺎﺀﺓ ﺒـﻴﻥ  cirtemarap ﺤﺎﻟﺔ   
  ﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ ﻋﻠﻰ ﺍﻟﺘﻭﺍﻟﻲ    -ﻤﺨﺭﺝ ﻤﻨﻔﺭﺩ ﻭ ﻤﺩﺨل ﻤﺘﻌﺩﺩ  -ﻟﻜل ﻤﻥ  ﻤﺩﺨل ﻤﻨﻔﺭﺩ % 7.69
ﻤﺩﻴﻨـﺔ  ﻓـﻲ ﺍﻟﺘﻨﺒﺅ ﺒﺩﺭﺠﺔ ﻤﻤﺘﺎﺯﺓ ﺒﺎﻟﺘﺼـﺭﻴﻑ  ﺇﻤﻜﺎﻨﻴﺔ ﻓﻲﺨﻼﺼﺔ ﻫﺫﺍ ﺍﻟﺒﺤﺙ ﺘﺘﻤﺜل  
ﺍﺜـﺭ  ﻨﻬـﺭﻯ  ﺃﻥﻜﻤﺎ ﺍﺜﺒﺕ ﺍﻟﺒﺤـﺙ . ﺍﻟﻨﻬﺭ ﺃﻋﻠﻰﺍﻟﻤﺤﻁﺎﺕ  ﻓﻲﺍﻟﺨﺭﻁﻭﻡ ﺒﻨﺎﺀ ﻋﻠﻰ ﺍﻟﺘﺼﺭﻴﻑ 
  .ﺍﻟﺨﺭﻁﻭﻡ  ﻴﻤﻜﻥ ﺘﺠﺎﻫﻠﻪ ﻓﻲﻭ ﺍﻟﺭﻫﺩ ﻋﻠﻰ ﺍﻟﺘﺼﺭﻴﻑ  ﺍﻟﺩﻨﺩﺭ
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1 INTRODUCTION 
1.0 Background 
 
   Flood is defined as high rates of discharge and/or water levels, 
often leading to inundation of land adjacent to rivers and streams. It is 
mainly a result of quick –flow rather than base flow, and usually caused 
by intense rainfall, snowmelt or combination of these factors. Other 
causes are increased rainfall intensity or duration, reduced infiltration and 
increased runoff due to deforestation or change in the efficiency of 
drainage networks. Floods occur suddenly resulting in severe problems 
that threaten human life and causes economic crises for governments.  
       
Flood problems lead to significant damages. In addition to loss of 
lives, floods result in damage to ecosystem, damage to property, and risk 
to public health. The direct costs of flooding in terms of the damages it 
creates, is accompanied by significant threat to the quality of water. To 
minimize the effects of flooding there are two complementary 
approaches: (i) flood protection works, including the design and 
construction of banks, dams, and flood storage areas to protect impact 
flood areas, and (ii) flood warning. Effective flood warning can facilitate 
evacuation of people, property and live stock, early alerting of emergency 
services. Flooding cannot be completely a voided, but damages from 
severe flooding can be reduced by implement effective flood prevention 
measures.  
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The unexpected occurrence of floods results in bigger amount of 
damages and higher costs of rehabilitation than the predicted flood event. 
Thus, the need for flood forecast especially flood early warning systems 
is vital. The earlier the warning is the lesser the destruction of properties 
and loss of lives. 
 
One of the main problems in flood forecasting and early warning is 
to determine the adequate level awareness or alert. According to Saenyi 
et.al. 2005, the use of effective warning  system at a rate 70% would  
causes a reduction in flood damages of 40% whereas a 90% effective 
alert may only reduce losses by 43%. However, the determination of 
necessary warning level and alert system depends mainly on the amount 
of mostly of  capital appropriate model development. The costs of 
establishing early warning systems are very high, but the benefits when 
the flood happens are much appreciated. In the developed countries, the 
financial costs of establishing such systems are justifiable and deed 
necessary for flood insurance polices. In the developing countries, the 
loss in the properties can not be compared to loss in lives, which is 
always at very high rates. Thus, the need for early warning systems in 
such countries is crucial. Most of the population in developing countries 
settles in lands that adjacent highly vulnerable flood risk.  That is because 
they are attractive areas for development due to their close proximity to 
water supplies and their relative flat topography. The warning systems in 
these regions are in most instances non-existent and people living there 
have to rely on 'word-of mouth' warnings. Hence, researchers in the 
hydrological field are oriented to make flood forecast using the 
hydrological models, which at least will provide enough time for raising 
awareness about the predicted flood event.  
3 
 
 
The modeling of water-resource systems and hydrological real-
time forecasting become important elements in planning and management 
of water supply and control systems and for providing river forecast and 
warning services. The recent experience with these activities, in particular 
with the use of real–time hydrological forecasts, prove that this is the 
most economical way to offset the potential catastrophic effects of 
occurrence of extremes in water resources availability (WMO)(World 
Meteorological Organization).   
 
River flow models are used as components in actual flood 
forecasting schemes, where stream flow forecasts are obtained in real 
time, by using model to transform the input functions into a 
corresponding discharge function of time. These forecasts may 
subsequently be modified, or updated, in accordance with errors observed 
in previous forecasts up to the time of making the new forecast. Models 
are required in order to: Issue warnings and permit the evacuation of 
populations threatened by rising water levels, providing for the efficient 
operation of storage reservoirs for hydro-electric and other purposes, and 
at design stage of many hydrological works, simulations of possible 
discharge series may be required. (Kachroo, 1992). 
 
1.1 Floods in Sudan 
 
Sudan suffers yearly from floods, either from the Nile or its 
tributaries. Some times floods were manageable but most of the time they 
were catastrophic. High floods normally cause loss of life and damage of 
properties and agricultural land. Different practice and techniques 
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measured as flood mitigation measures in Sudan. Usually physical 
structures were the only choice. Recently, the early warning approach is 
recommended specially for the developing countries. It has proved its 
efficiency in many cases.  
 
This research will consider the reach of the Blue Nile between 
Sennar and Khartoum as a study area to develop an early warning system 
for that reach. The Blue Nile, which represents 90% of the Nile River   
flows is high seasonal with major flood occurs during the month of 
August and September. The river is originated in the Ethiopian highlands 
with channel characteristics narrow, deep, and short that are upstream. 
The floods of this river are destructive and non-predictable. Thus, the 
need for developing an early warning system, flood prevention and 
preparedness system is a necessity.   
 
For the flood forecasting on the Blue Nile at Khartoum, data from 
four discharge stations (Sennar, Dinder, Rahad, and Khartoum) were used 
to calculate the lag time and the lead time. The Linear Perturbation Model 
(LPM) is calibrated and verified. Then, the error update was perfected 
using the Auto Regressive Model and the Linear Transfer Model. Finally, 
the real time forecast was performed to obtain forecasts of suitable lead 
time.  
1.2 Study Area 
1.2.1 The Khartoum State  
 
  The Khartoum state is the capital of Sudan it is located at the 
confluence of the Blue Nile and the White Nile. The White Nile is 
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Khartoum 
Sennar Dinder 
Rahad 
W. Nile B. Nile 
Study Area 
flowing north from Lake Victoria, and the Blue Nile flowing west from 
Ethiopia. The location where the two Niles join  is Known as Almogran 
(Fig. 1-1). The Main Nile continues to flow towards Egypt and the 
Mediterranean Sea.  
 
 
  
 
 
 
 
 
 
 
 
                                            
                                               Figure  1-1:  The Study Area 
 
The Blue Nile flows out of the Ethiopian highlands, where rainfall 
is more seasonal. The Blue Niles swells in the late summer and early 
autumn with rains from the summer monsoons. The flow at these times 
can be so great, causing the Nile to flow backward at the conjunction. 
Heavy monsoon rain brings floods in Khartoum. It is situated between 
latitudes 15º 26´ and 15º 45´ N and longitudes 32º  25´ and 32º 40´ E. The 
topography in this region is generally flat or gently sloping. (Omer, 2007). 
The area of the Khartoum state is about 22.000 km2 with population 
estimated to be 6 million inhabitants 2006 (Wikipedia, 2006)1.  
                                           
1 Wikipedia is the free encyclopedia web site 
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The climate of the Khartoum is influence by the river Nile and 
associated physiographic features. It is a semi –desert tropical with hot 
dry weather and sandstorms in summer and cool dry wind in winter. The 
warmest months are May and June with average high temperature of the 
41 º c, and absolute max temperature 48 º c. The average low temperature 
in winter is 15 º c in January (Wikipedia 2006). Khartoum has a four –
month rainy season (June-September) with mean annual rainfall of 121.4 
mm (MHPU, report 2002)2.  
 
1.2.2 The Blue Nile and it Tributaries: 
 
The Blue Nile originates from Lake Tana in the Ethiopian 
highlands, and enters the Sudan across its eastern border with Ethiopia.   
The river then flows in a northwesterly direction to Khartoum, where it 
joins the White Nile to form the main Nile. The total length of the Blue 
Nile in Sudan is about 700 Km, and it has two main tributaries, the Rahad 
and Dinder Rivers, which join the main Blue Nile stem  along of reach 
between Sennar and Khartoum.  
The majority of the Blue Nile flow is contributed by the highlands 
of Ethiopia where there is an intense summer rainy season. This, 
combined with the steep topography of the catchments and flows through 
deep rock-cut channels, causes the annual flow pattern to have a very 
sharp seasonal peak in the late August, with 80% of the annual discharge 
passing in the four months July to October. The short rainfall season, and 
the consequent problems of erosion and potential sedimentation make 
                                           
2  Ministry of Housing and Public Utilities-Khartoum State (MHPU).   
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storage of flood waters difficult to achieve. Small dams have been built at 
Sennar (1925) and at Rosaries (1966) near the Sudan- Ethiopian border, 
in order to provide water for irrigation in the Gezira, Kenana schemes and 
other areas. Hydroelectric power has also been developed at these sites. 
The climate in the Blue Nile Basin varies from hird climate at the   
Ethiopia highland to dry climate at the confluence with the White Nile 
River. Lake Tana sits at 1830 m above sea level with annual average 
precipitation of nearly 1000 mm and evaporation rates of 1150 mm/year. 
As the Blue Nile drops into the lowlands and into southern Sudan, rainfall 
decrease and evaporation increase. At Sennar the total annual evaporation 
rates is 2500 mm/year, yet only receives 500mm of rain annually (Paul et 
al., 2007). 
  
 Dinder and Rahad Rivers originated from the Ethiopia highlands. 
The rainfall over this basin is confined to a single season, and the river 
flows are therefore concentrated in a short period. This results in short 
season of runoff in the Dinder and Rahad basins, which dry up for about 
half of the year. The drainage basin of the Dinder River is 16000 km2, 
receiving annually a rainfall depth of 800-850mm. and The Rahad 
drainage basin is 8000km2, and receiving annual depth of rain 800-
850mm (Shahin, 2002).    
Stream gauges exist along the Blue Nile River within Sudan. And 
they do tend to have spotty or limited records, and are often not publicly 
available. These stations are: Eldeim at Sudan-Ethiopian border, Sennar 
at Sennar reservoir, Hawata, and Gwesi at Rahad and Dinder River 
respectively, and Soba at Khartoum. 
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1.3 Statement of the Problem 
       Valuable crops and major settlements along the Blue Nile River 
System are found adjacent to floodplains and considered to be highly 
vulnerable flood risk areas.  
          The costs of physical flood mitigation measures are probably 
expensive because these settlements are distributed along more than 
500km reach. Hence, to mitigate the flooding impacts there would be a 
need for accurate and reliable flood forecasting system. 
            A number of modeling effort has been documented in the 
literature including use system type models in the Blue Nile.  However, 
all these applications focused on testing, with no real-time flood 
forecasting effort.           
   
1.4  Study Objectives 
 
The main objective of this research is to establish a real-time flood 
forecasting system for the Blue Nile at Khartoum State. The system will 
act as an approach for flood preparedness and damage prevention. 
Depending on the discharge data at the upstream station (Sennar), the 
discharge volume at Khartoum will be predicted. The lag time of  the 
flood wave from Sennar to Khartoum will determine the time needed for 
the preparedness and awareness raising that will be taken by the decision 
maker and the inhabitants. Therefore, the specific objectives of this study 
are: 
 
- To obtain the average Lag time to approximate the time for the 
flood wave to reach Khartoum. 
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- Calibrate and verify a simple model for forecasting the flow at 
Khartoum as function of flows at Sennar. The Linear Perturbation 
Model (LPM) is selected. 
- Update the forecasts using autoregressive and linear transfer 
function. 
- Obtain the lead time forecasts as function of inputs at Sennar and 
the discharges of Khartoum. Suitable lead time up to 6 days will 
be used.   
1.5 Outline of the Thesis 
 
There are five chapters in this study report. They cover all the work 
that has been done to achieve the objective of the research. Following is a 
brief description for each chapter: 
Chapter (1): This is the introduction chapter, which gives an overall idea 
about Floods and floods problem, Importance of flood forecasts (Early 
Warning Systems), and the hydrological models used in flood forecast. In 
addition, it presents the statement of the problem. The main purpose of 
the research and the specific objectives are described here as well. The 
study area is outlined. It describes in details all the features and 
characteristics of the study area, Khartoum and the Blue Nile such as the 
topography, the climate,  
  
Chapter (2): It is the literature review chapter. It presents the definition 
of the flood by many authors, different types of flood. Flood risk, flood 
management, flood and the climate change, types of forecast models, 
model identifications for flood forecasting, model requirements, 
modeling procedure, previous work (case study) were discussed. 
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Chapter (3): The methodology pursued in this research includes data 
collection, preliminary analysis, and the model development. The model 
developed is calibrated and verified then updated and finally used in real- 
time forecast. 
Chapter (4): This chapter is for the application, results and discussions. 
It presents all the results being obtained through out the research phases.  
Chapter (5): Conclusions are mentioned in this chapter, in addition to 
some recommendations for further studies.  
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2 LITERATURE REVIEW 
2.0 Background 
This work falls in the regional efforts to combat flood impacts in the Nile 
Basin. The Flood Preparedness and Early Warning (FPEW) project is 
among the seven projects identified within IDEN.  The objective of the 
FPEW project is to reduce human suffering caused by frequent flooding 
while preserving the environmental benefits of floods. The project gives 
emphasis to flood risk management and non-structural approaches to 
managing the impacts of flood. The FPEW project enhances regional 
collaboration and improves national capacity in the mitigation, 
forecasting, warning, emergency preparedness, and response to floods in 
the Eastern Nile basin.   Nested within these project components, and 
particularly key to flood preparedness and emergency response, is the 
Flood Forecasting tools. 
2.1 Floods  
2.1.1 Definition 
 
 A flood is a progressive rise in the water level of streams or rivers, 
which may result in overflowing. The term “flood” has been defined in a 
number of ways. Chow, 1956 has defined flood as a relatively high flow 
which over taxes the natural channel provided for runoff. And Yevyevich, 
1992 defined flood as extremely high flows over normal levels of rivers, 
whereby water inundates floodplains or terrains outside of water –
confined major river channels. Floods also occur when water level of 
lakes, ponds, reservoir, aquifers, and estuaries exceed some critical values 
and inundate the adjacent land, or when the sea surges on coastal land 
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much above the average sea level. Ward, 1978 has defined flood as a 
body of water which rises to over flow land which is not normally 
submerged (Parker, 2000 ). 
 
 However, it is generally assumed that floods are one of the most 
serious natural disasters and can cause much more damage than a tropical 
cyclone or earthquake.   “Flood has occurred throughout recorded history 
and as natural phenomenon has no regard for mankind and its activities” 
(Walsh and Brassington, 1990). Evidence of this is that while deaths from 
most natural disasters have declined over the past two decades, loss of 
life from flooding has increased (Grentfest and Huber, 1989). The flood 
is at the present time only in fifth place as an agent responsible for loss of 
life. It has, however, the fastest growth rate in terms of frequency and 
number of human lives affected (Watanabe, 1988).  Floods only become 
a hazard when they affect human activities adversely and often go 
unrecorded or even unnoticed if they occur in uninhabited areas (Ward, 
1978). (Saenyi et.al. 2005)  
          
2.1.2 Types of flood 
 
    There are many types of flood, (Wikipedia, 2008), the principal type of 
flood: 
•  Riverine floods 
 
         Flooding of a stream due to heavy monsoonal rain and high wave 
Slow kinds: Runoff from continued rainfall or rapid snowmelt exceeding 
the capacity of a river's channel. Causes include heavy rains from 
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monsoons, hurricanes and tropical depressions, foreign winds and warm 
rain affecting snow pack.  
Fast kinds: Flash floods usually result from intense storms dropping large 
amounts of rain in a short time. Flash floods occur with little or no 
warning and can reach full peak in only a few minutes.  
 
• Estuarine floods 
 
Commonly is caused by combination of sea tidal surges and storm-
force winds.  
• Coastal floods 
 
It caused by severe sea storms, or as a result of another hazard (e.g.          
Tsunami or hurricane).  
 
• Catastrophic floods 
 
     Caused by a significant and unexpected event e.g. dam breakage, 
or as a result of another hazard (e.g. earthquake or volcanic eruption).  
• Muddy floods 
  
      A muddy flood is generated by runoff on cropland.  
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2.1.3 Flood Risk 
 
As the risk of flooding is a severe hazard to human life, activities and 
structures, there is a need for prevention and protection policies, which 
aim at reducing the susceptibility of people and property. Though the 
solution for flood mitigation and prevention seems simple, it involves a 
vast amount of data and knowledge about the causes and influencing 
factors of floods and their resulting damage.  
 
The improvements in technology, particularly in the hydrological and 
meteorological fields, have increased the availability of facilities for the 
accurate collection, storage and processing of data. These data can be 
channeled into forecast systems and warning networks to provide 
optimum protection to man, structures, communication networks and 
agricultural activities so as to minimize the loss of life and property. An 
accurate prediction and prior warning can greatly reduce the damage 
costs and loss of life to due flood disaster. 
 
As the world population is ever increasing the critical demand for 
living space becomes more obvious. This demand has led to the 
encroachment and development of high risk areas such as floodplain, 
disregarding the risk of flooding, either due to  genuine ignorance of the 
danger or false sense of security provided by structural designs 
constructed to ’control’ floods. The degree of personal protection adopted 
by inhabitants in flood risk areas is usually proportional to the level of 
their flood experiences are naturally associated with fear, which causes 
panic and delayed evacuations in emergency situations. 
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2.1.4  Flood Management 
 
Adequate water resources management relates to disaster management 
capacity in term of facilities, information, manpower and funding. Poor 
land use practices, deforestation and catchment degradation make worse 
effect of floods. There are two types of flood management: 
• Structural measures 
 
       The present flood protection works consist of dykes, floodwalls, 
levees and embankments to confine flood water within the river channel. 
Some isolated cases of cut-off ditches and drainage cannels to hold 
floodwater can be found in the areas. Cases of dikes being washed a way 
or destroyed by animals are common. Lack of adequate maintenance of 
the dikes compromises the function of flood prevention. 
Disadvantage of this method are: 
 -Expensive.  
 - It gives false sense of safety.  
 -It requires high skills during design, construction, and operation. 
 -It requires frequent mountainous. 
•  Non-structural measures  
 
     1. Flood Preparedness measures: 
Community flood preparedness is analysis of possible disaster 
scenarios for determining how authority and responsibility for action 
should be delegated, what local human and material resources exist, 
and how these can be deployed.  
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 Flood preparedness plan is a series of sub-plan, including 
emergency response planning and training, raising public awareness, 
flood forecast and warning, setting development policy, land use 
regulation, flood proofing, setting alternative plans, and local social 
structure strengthening. 
   2. Emergency response measures: 
Emergency response can be considered as a series of sub-plans that 
address communication and public information management, search 
and rescue co-ordination shelter management, stockpiling and 
distributing of flood and supplies, financial management. 
   3. Environmental issues 
 In every national water pollution control program, regulating 
discharges of wastewater is the primary concern. Formal procedure 
of permitting and licensing is introduced in urban practice, thus 
limiting the pollution from point sources such as municipal sewerage 
outfalls, industrial wastewater discharges and treatment plant 
effluents. Combined sewer systems are also considered as point 
(discrete) polluters due to frequent spills of wastewater during wet 
weather conditions. 
   4-Financing 
The storm water drainage and flood control financing concept should 
represent a stable, adequate and publicly acceptable funding 
mechanism for drainage capital investment, operations, and routine 
and remedial maintenance. 
Storm water is a difficult resource to manage primarily because 
urban drainage systems are in a constant state flux. Even a natural 
drainage system in its undeveloped condition is not static: streams 
meander, banks erode, and ponds are filled with sediment.  
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 5. Government and administration 
Governments have a wide range of structural and non-structural 
instruments at their disposal to mitigate the risk of flood. They 
should provide leadership and assistance in developing a 
comprehensive multi-level hierarchical flood management plan 
where responsibility and authority of each participant in flood 
fighting is clarified. (Andjelkovic, 2001)  
      
2.1.5 Flood and Climate Change 
 
Climate change will call upon an urgent need for flood forecast and 
early warning tools. The magnitude and frequency of extreme events tend 
to vary with climate pattern.  
As global temperatures rise, many places are threatened by flooding. 
(NPR, 2007)3, A recent study looking at who are at risk shows many 
coastal cities could be hit hard. But in terms of economic loss, the 
Organization for Economic Co-operation and Development found that the 
top 10 cities at risk are all in three industrialized countries: the United 
States, Japan and the Netherlands.  
• Rising Sea Levels 
 
       Warming water can cause rises in sea levels and strong storms, with 
the potential to impact people around the globe. As global temperatures 
rise, oceans get warmer. And when water heats up, it expands and sea 
levels rise. The United Nations' Intergovernmental Panel on Climate 
                                           
3 National Public Radio- Washington 
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Change (IPCC) 4reports that from 1993 to 2003, global sea level rose 
about 3 mm each year. 
 
• Bigger Storm Surges 
 
 Rising sea levels also make coastal areas more at risk to storm surges 
and, in turn, to flooding." Basically the story is because sea level rises 
have made everything a little higher, when a storm hits that makes for 
more vulnerability," Auer says. The higher sea level gives a storm surge 
increase to reach further inland.  
 
• More Rain  
The IPCC also predicts that warming tropical seas — hurricanes feed 
off of warm water — will likely make these storms more powerful, 
dumping more torrential rains on coastal areas. A warming planet also 
means snowy regions become rainy. People who live near rivers could 
see more flash floods: Melting snow slowly trickles into rivers, but rain 
can dump large amounts of water all at once. Future need for an addition 
of flood forecast and early warning is obvious. Besides, many structural 
and non-structural flood mitigation measures and strategies and also 
applicable for drought mitigation, hence, integration of strategies and 
polices will increase efficiency and benefits large parts of society. 
  
2.2 Flood Forecast Models 
The flood model comprises a hydrologic and a hydraulic model. 
The hydrologic model determines the runoff that occurs following a 
                                           
4  Intergovernmental Panel on Climate Change 
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particular rainfall event. The primary output from the hydrologic model is 
hydrographs at various locations along the waterways to describe the 
quantity, rate and timing of stream flow that results from rainfall events. 
These hydrographs then become a key input into the hydraulic model. 
The hydraulic model simulates the movement of flood waters through 
waterway reaches, storage elements, and hydraulic structures. The 
hydraulic model calculates flood levels and flow patterns and also models 
the complex effects of backwater, overtopping of embankments, 
waterway confluences, bridge constrictions and other hydraulic structure 
behavior. 
 
2.2.1 Types of forecast Models  
 
       There are a large number of public domain and proprietary models 
available for use in flood forecasting:  
 
• A lump model 
  
      It treats the watershed as a single unit for inputting data and 
calculating runoff. The calculation is statistically based and relate to the 
underlying hydrological processes as a spatially average process. Models 
based on scaling unit hydrographs would fall into this category. Some 
lumped models allow the watershed to be subdivided or for some 
parameters to be physically estimated and modeled.  
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• A distribution Model  
 
      Is simulates the key hydrological processes that occur in the 
watershed using distributed data inputs and processes. For forecasting 
purposes these commonly include precipitation, interception, interflow, 
and base flow.  It requires much more data and knowledge of watershed 
processes than lumped models. Distribution models require much more 
data and knowledge of watershed process than the lumped models. 
 
• Hydraulic models: 
 
Is used in channel routing calculate the travel time of the flood wave and 
its attenuation. These models use the standard equations of unsteady, non-
uniform flow with various simplifications depending on channel 
characteristics, available data and accuracy requirements. . (Integrated flood 
forecasting, warning and response system)     5 
  
. 
2.2.2 Model Identifications for Flood Forecasting 
 
A number of models, which could be used to develop a flood 
forecasting system, are briefly described below .The following models 
were reviewed out of several others. 
 
                                           
5 www.unisdr.org/eng/library/isdr-publication/flood-guidelines/isdr-publication-floods-
chapter3.pdf 
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• Lumped Rainfall- Runoff models 
 
This category simulates the relation between inputs and outputs in a 
lumped way. 
 
  1- The Simple Linear Model (SLM) 
The theory of the SLM is introduced by Nash and Foley [1982]. The 
SLM approach assumes a linear time-invariant relationship between the 
total rainfall Rt and the total discharge Qt. The discrete linear input-output 
relationship is expressed in terms of sampled pulse response by the 
convolution summation relation (Kachroo and Liang, 1992). The Non 
parametric form of this model is given as: 
             )12(
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Where: 
 Qt: The discharge at the tth time-step. 
 Rt: The rainfall at the tth time-step. 
 hj:  the jth discrete pulse response ordinate or weight. 
 m: the memory length of the system 
 et : the forecast error term. 
 
The Parametric form is based on the Gamma Function Model that 
depends on prior knowledge of the system behavior. The response 
function is represented by a suitable mathematical equation involving 
only a few parameters. The parameters must be estimated by optimization 
through a search in the space of reasonable parameter values. 
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The most popular impulse response function is given by:  
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Where: 
∫∞ −− −−−−=Γ
0
1)( dxxen nx  is the gamma function of n.  
The equation of the SLM for single input-single output will be  
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Where: 
  hj : the impulse response is given by equation (2-2) 
 Gf: is the gain factor. 
      For multiple input-single output system the parameters n, k and Gf    
must be found for each input. 
 
2. The Linear Perturbation Model (LPM) 
   In the LPM [Nash and Barsi, 1983], it is assumed that, during a year in 
which the rainfall is identical to its seasonal expectation, the 
corresponding discharge hydrograph is also identical to its seasonal 
expectation. However, in all other years, when the rainfall and the 
discharge values depart from their respective seasonal expectations, these 
departures series are assumed to be related by a linear time invariant 
system.  
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For a single input, the relation between the departure (i.e. Perturbation) 
series of the LPM has the convolution summation form and can be 
written as 
                             ∑
=
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m
j
tjjtt ehRQ
1
1 )42(   
             
Where 
 Rt′ = Rt –Rd departures of rainfall from their seasonal expectations. 
Rd: the seasonal expectations rainfall 
Qt′ = Qt - Qd departures discharge from their seasonal expectations. 
Qd: the seasonal expectations rainfall 
 et :is the error output term  
 d = 1, 2, 3, …, 365. 
    Model- estimated departure values are added to the seasonal 
expectations to give the estimated discharge series. 
3. The Linearly Varying Gain Factor Model (LVGFM) 
The LVGFM, proposed by Ahsan and O'Connor [1994] for the single-
input to single-output case, involves only the variation of the gain factor 
with the selected index of the prevailing catchment wetness, but not the 
shape (i.e. the weights) of the response function. Using a time-varying 
gain factor Gt, the model output has the structure  
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                     Gt = a + bzt--------------------------------------------------(2-6) 
 Where 
Gt: Is the gain factor. 
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Zt: index of the soil moisture state. 
a&b: are constants 
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Where 
 Gˆ : the estimate of the gain factor. 
jhˆ : Is the estimate pulse response ordinates.  
Q : Is the mean calibration discharge. 
 
4. The Artificial Neural Network Model (ANNM) 
The “multi-layer feed-forward network” type of artificial neural network, 
used in this study, consists of an input layer, an output layer and only one 
“hidden” layer located between the input and the output layers 
[Shamseldin 1997]. Each neuron of a particular layer has connection 
pathways to all the neurons in the following adjacent layer, but none to 
those of its own layer or to those of the previous layer (if any). 
The relationship between input yi is transformed to its output yo by the 
mathematical transfer function. 
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Where 
 f : denotes the transfer function 
 wi: are the input connection pathway weights 
 M: is the total number of inputs (which equals the number of neurons in                         
the preceding layer). 
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 Wo: is the neuron threshold (or bias). 
5. The Soil Moisture Accounting and Routing (SMAR) Model 
The SMAR Model is a development of the ‘Layers’ conceptual rainfall-
runoff model introduced by  O’Connell et al. [1970], its water balance 
component having been proposed in 1969 by Nash and Sutcliffe [Clarke 
1994]. Using a number of empirical and assumed relations, which are 
considered to be at least physically plausible, the non-linear water 
balance (i.e. soil moisture accounting) component ensures satisfaction of 
the continuity equation, over each time-step. The water balance 
component of this model operates as a vertical stack of horizontal soil 
layers. Each layer can contain a certain amount of water at field capacity 
(see figure 2-1). Evaporation occurs from the top layer at a potential rate 
and from the second layer on exhaustion of the top layer at the remaining 
potential rate multiplied by a parameter C whose value is less than unity. 
On exhaustion of the second layer evaporation proceeds from the third 
layer at the remaining potential rate multiplied by C2 and so on. Thus, a 
constant potential evaporation rate applied to the basin reduces the soil 
moisture storage in a roughly exponential manner. (Basher et al.,2004_) 
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Figure  2-1: Schematic diagram of SMAR Model (Shamseldin et al ,1997). 
 
• Hydrologic/Hydraulic Routing model 
 
       The Unite States Corp of Engineers River Analysis System Model 
(HEC-RAS) is an integrated system of software, designed for interactive 
use in a multi-tasking environment. The system is comprised of a 
graphical user interface (GUI), separate hydraulic analysis components, 
data storage and management capabilities, graphics and reporting 
facilities. The current version of HEC-RAS system contain one-
dimensional hydraulic analysis components for: steady flow water surface 
profile computations, unsteady flow simulation, and movable boundary 
sediment transport computations. A key element is that all three 
components will use a common geometric data representation and 
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common geometric and hydraulic computation routines. In addition to the 
three hydraulic analysis components, the system contains several 
hydraulic design features that can be invoked once the basic water surface 
profiles are computed.  
 
• CARIMA model 
 
CARIMA is aquasi-2D model, developed by SOGREAH, 
GRENOBLE (France). It   is based on 1D saint –venant equations, 
continuity equation, and the momentum equation. The out put data 
discharge Q (t) and water depth H (t) at the computation points. 
 
• MIKE 11Hydrodynamic model plus GIS 
 
 This model was developed by Danish Hydraulic Institute and widely 
applied dynamic modeling tool for rivers and channels. It produces real-
time forecasts of river flows and water levels. The model comprises of 
three main modules namely, the Rainfall-Runoff (RR) modules, the 
Hydrodynamic (HD) modules and the flood forecasting (FF) 
modules.MIKE11 has a Geographic Information System (GIS) 
component, which has tools for describing, analyzing, modeling and 
integration forecasted flood level, with other related information such as 
topographic, thematic and attribute information. Flood warning systems 
and expert knowledge are integrated in emergency response strategies, to 
produce GIS flood prone area maps are required to minimize the harmful 
effects of food hazards. The model produces flood forecasts and 
information for warning in advance, 72hrs, 48hrs and 24hrs. Such 
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forecasts can render informed decision making in adopting proper 
measures towards disaster preparedness, mitigation, control, planning and 
management1-. This kind of advance warning can help the authorities for 
better flood preparedness and also effective flood mitigation. (Saenyi et.al. 
2005) . 
 
2.2.3  Model Requirements 
 
• Accuracy 
 
         Model should represent as closely as possible the actual physical 
processes occurring within the catchments, essentially that should be 
represent accurately the transformation of the input into output. 
 
• Versatility 
 
          versatile model may be defined as one which is accurate and 
consistent which subject to diverse applications involving model 
evaluation criteria not direct based on the objective function used to 
calibrate the model. 
• Consistency 
 
 The level accuracy and the estimates of the parameter values carry on 
through different samples of the data. Inconsistency occurs when the 
estimates of model parameter values are unstable. This may be due to 
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some model parts no having any significant effect on the output of the 
model, or two or more such parts having similar operation. (.Kachroo. 1992) 
 
2.2.4 Modeling Procedure 
 
If the model consistency is to be achieved, a careful examination of 
parameter stability and the significance of the model parts are generally 
necessary. This involves split sampling in to two periods:- 
 
• Model Calibration 
 
       In the calibration period, the model parameters are tuned, so that the 
observed data is reproduced satisfactory. The goodness-of –fit can be 
improved by adjustment of the values of these parameters until the 
difference between simulated and measured variables is satisfactory 
during the model calibration. The adjustment process is most commonly 
based on trial-and –error changes in parameter values are held constant. 
The difficulty in achieving a good calibration is boundary conditions and 
values of hydrological and hydraulic parameter are always subject to 
uncertainly. Based on the experience of the World Meteorological 
Organization (WMO, 1975) calibration period is usually of greater 
duration than the verification period. (YU Z, 2002)  
 
•  Model verification: 
 
During the calibration period the model parameters obtained during 
the calibration is tested in data set that is different from the one in 
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which it is calibrated. This will ensure both the consistency and 
accuracy of the model.  
   
2.3 PREVIUOS WORKS (CASE STUDIES) 
2.3.1 Flood Early Warning System (FEWS) In Sudan 
 
      The Khartoum plains, the floodplains of Atbara, and the main Nile 
were severely flooded during (August-September, 1988). Because of this, 
a Flood Early Warning System (FEWS) was installed in the Nile waters 
Directorate of the Ministry of Irrigation and Water Resources in 
Khartoum (El Zein & Adam, 1996), based on the main river gauging 
stations on the Blue Nile and Atbara river system. The FEWS model 
consists of three main components: 
a- A primary Data User Station (PDUS) with applicable software for 
receiving and processing of METEOSAT thermal infrared images on a 
half-hourly basis (AUTOSAT-ARCS). These data are used to estimate 
daily rainfall quantities from cold cloud duration and the coverage data 
over the catchments of the Blue Nile and Atbara River. 
b- A communication system for real-time transmission of water levels in 
the Blue Nile, Atbara River and the main Nile in Sudan to flood warning 
centre in Khartoum (MOIWR) 
c- A computerized flood forecasting system, consisting of a set of 
mathematical models (SAMFIL /NETFL) and a temporary database 
embedded in an appropriate user interface. 
Flood forecasts are carried out with the following set of models: 
-Daily Rainfall Estimation models 
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In the absence of real –time information about rainfall over the Ethiopian 
plateau, TAMSAT Group at the University of reading (UK) develop 
model for real-time rainfall estimation. The presence of cold clouds with 
temperatures lower than a predetermined threshold is used as an 
indication of rain. The total rainfall within a certain period is connected 
with the cold cloud duration (CCD) and the portion of the catchments 
area covered or cold cloud cover (CCC). 
-Rainfall –Runoff model 
SAMFIL is an upgraded version of the well known Sacramento model, 
extended with a kalman filter data assimilation algorithm. The model is 
used for the real-time forecasting of the inflow from the Blue Nile and 
Atbara catchments into the main Nile in Sudan. 
-Rainfall forecasting model 
In order to increase the lead-time rain forecasts are statistically derived 
from rainfall records. Wet, average and dry scenarios have been derived 
from the months July, August; September from the CCD for the Year’s 
1987-1990 using rainfall frequency curves. For the remaining months a 
scenario was derived from the monthly data of the near by point rainfall 
statistics. 
-Flow routing model  
The water and Environmental Dynamics (WENDY) model, extended 
with a kalman filter, is used for real-time forecasting of water levels and 
flows in the Blue Nile, Atbara River and the main Nile down to Dongola. 
The model is one-dimensional flow model based on the numerical 
solution of the St. Venant equations using the finite difference method. 
-Flood Forecasting 
Forecasts are made for a period of ten days. This is approximately the 
lead-time between rainfall events over Ethiopia and the rise of water level 
32 
 
at Dongola in the main Nile. The lead-time for Khartoum is 
approximately six days. By using Remote Sensing data and rainfall –
runoff models, three additional days are gained  for flood forecasting for 
the Ethiopia catchments of the Blue Nile and Atbara River at the 
Sudanese Border. 
Sudan FEWS is in operation since August 1992, providing an advanced 
operational tool that gives a lead-time of three days ahead at El Diem, 
using remote sensing data and hydrological modeling techniques. The 
results achieved so far are promising, although future studies are required 
to improve the system efficiency. (Saenyi et.al. 2005)  
             
2.3.2 Real Time Flood Forecast on the Blue Nile River 
 
   Shamseldin et al. (1998) used estimates of the areal daily average 
rainfall derived from Cold Cloud Duration (CCD) data, in the application 
of the SMAR model to the Blue Nile catchments. They applied the model 
in updating mode (SMAR-AR) and compared the results with the 
SAMFIL which has been used by the Ministry of the Irrigation in Sudan 
to forecast the flood using the CCD data. The comparison of performance 
is based on two statistical criteria (Root mean square of error and Mean 
relative absolute error), in addition to graphical plots of the observed and 
estimated hydrographs. 
 
The study concluded that the SMAR –AR model is far more reliable 
than those of the SAMFIL model on the basis of the statistical criteria and 
visual comparison if our objective is just to forecast the flow better. 
Moreover that is the lesser performance of the SAMFIL model is largely 
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due to inadequacy of the extended Kalman filter updating procedure (Abdo 
and Nasr ,2008). 
 
 Another study on the Blue Nile River done by the Ahmed (2004) 
compared the performance of a number of models in Blue Nile 
catchments. Among these models are SMAR, SLM, and LPM. The 
rainfall data used is observed records of seven years (1990 to 1996) at 
eight stations within and outside the catchment boundaries. Two 
modeling scenarios were investigated in the study. In the first, average of 
values of the records from the eight stations was used as a single input 
and lumped catchment configuration was employed. The second scenario 
represented a distribution modeling case where the catchment divided 
into three sub-catchment and weighted rainfall input to each sub-
catchment were estimated using Theissen polygon method. The later 
scenario was implemented as multiple inputs –single output model. 
 
 Ahmed (2004) concluded that the LPM gave the best performance 
compared to other models used in the study. The significance 
performance of the LPM has been noticed in the two scenarios and this 
proofs the superiority of this model in the Blue Nile catchment. (Abdo and 
Nasr, 2008)  
       
2.3.3 Real Time Flood Forecasting in the River Nile  
 
       Abdo et al. (1992) applied the updated multiple input –single output 
SLM and LPM for real time flood forecasting at three sites on the Nile 
namely Khartoum, Tamaniat, and Dongola. Forecasts were based on 
upstream flows at all major tributaries. Out of a total of eleven years of 
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daily flows, eight years were used for model calibration and the 
remaining three years for model verification. Reliable forecasts and high 
efficiencies for both calibration and verification modes as well as for real 
time forecasting over sufficiently long lead time (up to 8 days) were 
obtained. It was also found that performance of the LPM was more 
superior to the SLM. (Abdo and Nasr, 2008)   
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3 METHODOLGY 
 
3.0 Introduction  
 
This chapter describes the methodology used in this study. The 
data required in the study were collected and processed. Preliminary 
analysis of the historical data to obtain the lag time between Khartoum 
and Sennar was done. The Linear Perturbation Model (LPM) used in this 
study is critically discussed. The method for forecast update was 
discussed.  Finally the Real time forecast with different lead time is 
outlined. 
 
3.1 The Data  
 
The data needed for this research was daily discharge flow data of 
the Blue Nile from four stations:  Sennar, Dinder, Rahad, and Khartoum 
for 16 years (1992-2007). The data were obtained mainly from the 
Ministry of Irrigation and Water Resources (MIWR) of the Sudan. The 
discharge data was arranged in a standard format for use in the model. 
Table (3-1) below is gives some statistical properties of the collected 
data. 
      Table  3-1: statistical properties of the data 
Station Record %ge missing Mean Annual 
(Mm3/day) 
Max Discharge 
(Mm3/day) 
Sennar 1992-2007 0.8 43442 838.0 
Dinder 1992-2007 0.3 1897 63.7 
Rahad 1992-2007 0.2 1197 16.9 
Khartoum 1992-2007 0.3 47940 912.4 
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3.1.1 The Mean Date value  
 
The mean date values were calculated for two stations (Khartoum 
and Sennar) using the following formula:     
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Where:  
  Q t: is the mean flow value for day t. 
  Q i,t : is the flow value of day t in year i.  
   t: 1,2,3,… 365. 
   N: is the number of years in the record.  
The mean discharge values at Sennar and Khartoum from 15 to 26 
August are shown in table (3-2) below (Annex A): 
           Table  3-2: the mean discharge data at Sennar and Khartoum 
Day Mean discharge at 
Sennar(Mm3/day) 
Mean discharge at 
Khartoum(Mm3/day) 
15-August 537.9 575.1 
16-August 527.9 582.3 
17-August 543.9 582.8 
18-Augut 560.1 581.5 
19-August 574.9 589.4 
20-August 579.0 605.2 
21-August 565.9 611.5 
22-August 556.5 613.4 
23-August 535.7 615.3 
24-August 518.1 611.8 
25-August 519.1 599.7 
26-August 533.9 593.6 
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3.1.2 The Average Lag Time 
 
The daily mean discharge values were plotted to see roughly the lag 
time between Sennar and Khartoum. Figure (3-1) shows the two seasonal 
hydrograph of Khartoum and Sennar.  
 
 
 
 
            Figure  3-1: Mean Annual Hydrographs at Sennar and Khartoum 
 
The lag time between Sennar and Khartoum is found to be three 
days. The peak discharge at Sennar and Khartoum are 579.0, and 615.3 
(Mm3/day) respectively. The expected time of peak is found to be 20 
August at Sennar and 23 August at Khartoum. 
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              Table  3-3:  the peak and time of peak at Sennar and Khartoum        
Station Name Peak flow (M m3/day) Time of peak 
Sennar 579.0 20-August 
Khartoum 615.3 23-August 
3.1.3 The Lag Time Analysis 
 
Regression analysis was used to obtain the lag time between 
Khartoum and Sennar. Trial and error method was used. The flow at 
Sennar was lag by 1, 2, 3 and 4 days, and regressed against Khartoum 
flow. At each time the regression parameters were noted i.e. (a, b, R2). 
 
         Table  3-4: the regression parameters 
Lag Time R2 (%) a b 
0 90.33 1.05 3.65 
1 92.68 1.065 1.995 
2 94.08 1.073 1.008 
3 94.31 1.074 0.834 
 
 The values of these parameters were plotted against the lag time and the 
optimum lag is obtained. 
 
Figures (3-2) and (3-3) show the effect of varying the lag time on 
both the regression coefficient (slope) and the regression model 
performance at Sennar and Khartoum. 
 
 
 
39 
 
 
 
 
 
 
 
 
 
 
 
                             Figure  3-2:  Slope Vs lag time 
 
 
 
 
  
 
 
 
 
 
                           
 
 
 
 
 
                                
                         Figure  3-2: Regression Performance Vs Lag Time 
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The figures above display that the best lag time is 3days with 
regression performance is 94.31%. And the slope is 1.074 for the Sennar 
and Khartoum. That the equation must be: 
             Q Khartoum= 1.074*Q t-3 (Sennar)  
 
The lag times calculated from the mean annual hydrograph are 
very close to those calculated by lag and route method of the time series. 
The analysis showed that the routing process in the Nile system can be 
done using simple linear models. 
 
3.2 Linear Perturbation Model (LPM) 
 
In order to use the data contained in the observed seasonal 
variation of the hydrograph, Nash and Barsi (1983) and Liang & Nash 
(1988) agreed on suggesting the use of the LPM to reduce the dependence 
on linearity and to increase the dependence of observed seasonal 
behavior.  
 
This model is based on the following two assumptions: 
• If each input function for each day of the year is equal to 
its expected value for that date Rd, the output will also 
equal its expectation for that date Qd. 
• The perturbations or the departure from the date expected 
input values are linearly related to the corresponding the 
perturbation or departures from the date expected out put 
values. (Kachroo et.al.,1992) 
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                                                  Figure  3-3: shows the LPM description 
 
3.2.1 Single input- Single output  
 
• Non-Parametric Linear Perturbation Model (NP-LPM) 
 
For a single input, the relation between the departure (i.e. 
perturbation) series of the NP-LPM, incorporating an output error et, has 
the convolution summation form and can be written as: 
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    Where  
     Rt′ = Rt –Rd departures of rainfall from their seasonal expectations, 
     Qt′ = Qt - Qd departures discharge from their seasonal expectations, 
     et : is the error output term  
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    d: 1, 2, 3,… , 365. 
    m: the memory length 
    h: Discrete pulse response 
 
• Parametric Linear Perturbation Model (PLPM) 
 
For parametric single input single output, the transfer function 
from the linear model is: Such transfer function forms of linear models 
have been successfully applied in hydrology (Cluckie & Owens, 1987). 
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Where: 
B: The backward shift operator. 
aj: the coefficient of autoregressive parameter p . (j =1,…, p) ,a0=1 
cj: the coefficient of the moving average.(j=0,…,q) 
b: the pure lag 
p: the order of autoregressive.  
q: the order of moving average. 
 
3.2.2 Multiple input –single output  
 
For the discrete system, with finite memory length for each input, 
the relationship between inputs and the output may be written as: 
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      Where: 
 y: The output series. 
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 j : The total number of input series. 
x(j) : the jth input series. 
h(j) : The pulse response ordinates corresponding to the jth input     series.  
m(j) : The memory length of the system corresponding to the jth input.  
U : The disturbance term. 
n  :  The length of the output series. 
 
For multiple inputs –single output the transfer function is: 
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Where  
a k: the autoregressive parameter. 
p: the autoregressive order. 
C(J): the moving average parameters corresponding to the jth input. X(J).: 
q(J): the moving average order relating to the jth input  
b (J): the pure lag relating to the jth input 
J: the total number of inputs. (Liange,1990) 
 
3.2.3 The Calibration and Verification of the LPM 
 
Using the discharge data for 16 years (1992-2007) for two stations 
Sennar and Khartoum in LPM. Sennar discharge data was the input but 
Khartoum was the output.  Secondly the time series data was divided into 
11 years, i.e. 1- 4018 number of data, for the calibration period and six 
years, i.e. 4019-5844 numbers of data, for the verification processes 
Calibration and verification of the LPM involve determining suitable 
values of the parameters. 
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3.2.4 The Model Efficiency Criteria  
 
  Performance of mathematical models in general and hydrological 
models in particular, is evaluated statistically by calculating one or more 
performance criteria. The most commonly used measures in hydrological 
application are the Mean Square Error (MSE), and the Coefficient of 
Efficiency (Nash and Sutcliffe, 1970).  The Nash –Sutcliffe efficiency 
(R2) is particularly appealing because it is dimensionless, and thus can be 
used to compare results for different locations/ variables irrespective of 
the actual values of the simulated quantity. It is also easy to understand as 
the percentage of the observed variance explained by the model. (Elshamy, 
2008)      
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Where: 
MSE: The Mean Square Error. 
 Fo:   the initial variance.  
(Qo)i : The observed discharge at the ith time step. 
(Qe)i:  The estimated discharge at the ith time step. 
 N   :   The total number of discharge values. 
 cQ   :  The mean of the (Qo)i: 
 
3.3 The LPM in Updating Mode  
The flow forecasting performance of eight updating models, 
included in the Galway River Flow Modeling and Forecasting System 
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(GFMFS) was used the daily (rainfall , evaporation , discharge) data 
,consider one to six days lead-time discharge forecasts. The eight 
updating models were: 
• The standard linear auto-regressive (AR) model: applied 
to the forecast errors (residuals) of a simulation (non-
updating) rainfall-runoff model. 
• The Neural Network Updating (NNU) model: also using 
such residuals as input. 
• The Linear Transfer Function (LTF) model: applied to 
the simulated and the recently observed discharge. 
• The Non- linear Auto Regressive eXogenous-input model 
(NARXM): also network-type structure, but having wide 
options of using recently observed values of one or more 
of the three data series, together with non-updated 
simulation outflows, as inputs. 
• The Parametric Simple Linear Model (PSLM), of LTF-
type: using recent rainfall and observed discharge data. 
• The parametric linear perturbation Model (PLPM), also 
of LTF-type: using recent rainfall and observed discharge 
data. 
• Non-AR: an AR model applied to the observed series 
only. 
• Non- NARXM: using only the observed discharge data, 
excluding exogenous inputs. (Goswami et al.,2005)    
   
 
46 
 
3.3.1 The Autoregressive:  
 
The updating in a model is achieved by externally adjusting the 
simulation mode discharge forecasts of the model without interfering 
with the internal operation of the simulation model. Was done by: 
The procedure of this model is the error estimates are added as 
corrections to the corresponding simulation mode discharge values to 
give to final forecasts of the model. 
An autoregressive model of order p, for the simulation mode error 
time series, may be expressed as: 
                )83()(1
−−−−−−−−−−−−−−−−−+−Φ+= −
=
∑ titp
i
it aeeee  
Where  
et: the error time series with mean e . 
at: is a white noise sequence with mean zero and variance σ2a. 
Φi: denote the parameter of the AR model. 
P: the number of the parameter. 
The updating discharge forecast of lead –time of one day tQˆˆ is given 
by: 
                     )93(ˆˆˆˆ −−−−−−−−−−−−−−−−−−−−−−−−−+= ttt eQQ  
            With   teˆ  = et -at 
Where: 
tQˆ : is the simulation mode estimated discharge. 
teˆ : is the estimated error. 
at: is a white noise sequence with mean zero and variance σa2. 
(Abdo and Nasr, 2008) 
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    Figure  3-4: schematic diagram the autoregressive model (Goswami et al., 
2005) 
3.3.2 Linear Transfer Function: 
 
The series of departures of inputs and outputs from their seasonal 
mean values are used in the transfer function equation. The updated 
output departure forecast is then simply added to the corresponding 
seasonal to give the updated discharge forecast of the LTF-PLPM. 
(Goswami et al.,2005) 
 
 
 
 
 
 
 
              Figure  3-5: schematic diagram of the linear transfer function  
 
  The mathematical form of the LTF- type parametric linear 
Perturbation Model (LTF-PLPM) for updating is:  
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           )103(
1 0
−−−−−−−−−−−−−−−−−−++= ∑ ∑
=
−−
=
− t
r
j
jbt
s
j
jjtjt eRQQ ωα  
Where: 
Qt: the output  
X t: the input 
α j: the autoregressive parameter. With α0=1 
wj: the moving average parameter. 
b: the pure lag. 
[r, s] : the number  of autoregressive and moving average terms 
 
3.4 Real- Time Flow Forecast 
 
The basic components of any flood forecasting system are 
1. Data collection and transmission network, 
2. Flood forecasting model and updating model, 
3. Warning propagation system.  
The forecast obtained from any method is usually modified before 
arriving at a final forecast; the modification or updating is usually based 
on the prevailing conditions in the river and on meteorological 
conditions. There are various forms of forecasting updating, depending 
on which variables are modified. Broadly, the updating may be done on 
model output (e.g., autoregressive model error correction), or the model 
internal states maybe modified (e.g., Kalman Filter type). If necessary, 
the flood forecasts, once issued, are further modified, and modify 
forecasts are issued if any additional information is received after the 
initial forecasts were made. (Artan, et.al. 2007)  
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In this research the results obtained from the calibration, 
verification, and the updating were used as inputs for the real time flow 
forecast model to get the flow forecast at Khartoum for six days lead 
time. 
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4 APPLICATION, ANALYSIS, RESULT, and 
DISSCUSION 
4.0 Introduction 
 
This chapter shows the results of this research.  The LPM was 
calibrated and verified as single input-single output model, multiple 
input-single output model, as parametric and non-parametric model. The 
calibrated model was then updated using both autoregressive and linear 
transfer function procedure. The update model was used to forecast the 
flow at Khartoum in real time using suitable lead time. The trail and error 
procedure as well as the Ordinary Least Square (OLS) were used to 
obtain the different model parameter.  
 
4.1 The Calibration and verification of the LPM 
4.1.1 Single input –single output 
 
To calibrate and verify the LPM in single input- single output form, 
16 years of the discharge data at both Sennar and Khartoum stations were 
used. 11 years were used in calibration and 5years were used for 
verification. During the calibration namely (pure lag, order of the moving 
average and order of the autoregressive) were obtained by trail and error 
where their values are changed systematically and any improvement in 
the model efficiency was noted. The final set of parameters was those 
corresponding to the best model performance.  
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The final output of the model corresponding to the best parameters is 
shown in (fig 4-1) with R2 0f 99.7%.  Table 4-1 shows the best 
parameters obtained.  
  
Using these parameters for the calibration period and R2 of 99.7% 
was obtained indicating the accuracy and consistency of the model in 
reproducing the observed discharges at Khartoum. 
Figure  4-1: Observed and Estimated Discharge at Khartoum (PLPM) 
 
      Table  4-1: Best parameters of the calibrated PLPM 
Parameters of the PLPM R2c  (%) R2v   (%) 
Pure lag MA AR 99.72 99.76 
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   To calibrate and verify the Non- parametric Linear Perturbation 
Model (NP-LPM).The same data was used. During the calibration the 
memory length was fixed by trail and error. The model performance 
during calibration and verification were 94.20% and 93.0% respectively.  
Fig (4-2) shows the scatter diagram between the observed and the 
estimated discharges at Khartoum. 
 
  If can be seen from this diagram that the model performance in 
some regions is not that good especially during high flows which is the 
subject of this research.  
      
               Table  4-2: chosen memory length of the NP -LPM 
Memory Length R2c% R2v% 
6 94.2 93.0 
  
 
             Figure  4-2: Observed and simulated discharge for the NP-LPM. 
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4.1.2 Multiple inputs-single output 
 
  The discharge data for 16 years from 4 stations Sennar, Dinder, 
Rahad, and Khartoum has been used in the LPM. The discharge data split 
to 11years for calibration and 5 years for verification. Similar procedure 
was done. 
 
    The final output of the model corresponding to the best parameters 
is shown in (fig 4-3) with R2 0f 99.73%.  Table 5-3 shows the best 
parameters obtained. 
 
 
Table  4-3:  best parameters of the calibration MP-LPM  
No. of the 
Input 
Station Name Pure 
Lag 
AR MA (R2c)% (R2v)% 
Input 1 Sennar 1 - 7  
99.72 
 
 
 
99.75 
Input 2 Dinder 1 - 7 
Input 3 Rahad 1 - 7 
Output Khartoum - 6 - 
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             Figure  4-3 : Observed and the Estimated discharge for MP-LPM.  
 
For NP- LPM the same data was used for calibration. The 
opposition to the single input-single output method, the memory length 
parameter should be given in three values. By the trial-error method the 
parameters were obtained. 
 
                  Table  4-4: the chosen memory length for MNP-LPM 
No. of the 
Input 
Station 
Name 
Memory 
length 
(R2c)% (R2v)% 
Input 1 Sennar 6  
95.45 
 
 
91.57 Input 2 Dinder 6 
Input 3 Rahad 6 
Output Khartoum - 
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                      Figure  4-4: Observed and estimated discharge for MNP-LPM. 
 
4.2Updating Error: 
 
Two updating procedure was used namely the autoregressive and 
linear transfer procedures: 
  
The autoregressive procedure used in this work is based on the error 
series. The order of the autoregressive was fixed by trial and error during 
the calibration using 11 years of data. The verification was done on the 
remaining 5 years. The lead time was fixed 6days lead time the model 
results and performance was shown in table 4-5.  
 
For the linear transfer function updating procedure the two 
parameters namely the autoregressive and moving average orders were 
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fixed by trail and error. The 11 years of calibration and 5 years for 
verification were used. 
 
Table 4-5 shows the results for the two procedures for both single and 
multiple inputs as well as for parametric and non-parametric model 
forms. The results are also calibration and verification periods for lead 
time up to 6 days. 
 
Table  4-5: Summary of efficiencies, R2 (%) of the updating models  
 
Lead Time 
PLPM (R2 ) % NP-LPM (R2 ) % M-PLPM(R2) %  MNP-LPM(R2) % 
AR   (1)  LTF   (2) AR   (3)   LTF (4) AR   (5) LTF (6) AR   (7) LTF        (8) 
Lead 1 
Calibration 
Verification 
 
99.18 
99.21 
 
99.72 
99.76 
 
99.53 
99.66 
 
99.67 
99.75 
 
99.18 
99.21 
 
99.72 
99.75 
 
99.52 
99.69 
 
99.65 
99.73 
Lead 2 
Calibration 
Verification 
 
98.96 
99.01 
 
99.72 
99.76 
 
98.97 
99.26 
 
99.28 
99.46 
 
98.95 
98.98 
 
99.72 
99.75 
 
98.97 
99.35 
 
99.21 
99.37 
Lead 3 
Calibration 
Verification 
 
98.83 
98.97 
 
99.72 
99.76 
 
98.35 
98.87 
 
98.85 
99.16 
 
98.81 
98.94 
 
99.72 
99.75 
 
98.37 
99.02 
 
98.74 
98.98 
Lead 4 
Calibration 
Verification 
 
98.71 
98.83 
 
99.72 
99.76 
 
97.67 
98.45 
 
98.42 
98.84 
 
98.74 
98.84 
 
99.72 
99.75 
 
97.77 
98.67 
 
98.30 
98.54 
Lead 5 
Calibration 
verification 
 
 
98.68 
98.79 
 
99.72 
99.76 
 
 
97.02 
98.09 
 
98.02 
98.52 
 
98.69 
98.78 
 
99.72 
99.75 
 
 
97.20 
98.32 
 
97.91 
98.11 
Lead 6 
Calibration 
Verification 
 
98.65 
98.81 
 
99.72 
99.76 
 
96.53 
97.85 
 
97.66 
98.22 
 
98.67 
98.81 
 
99.72 
99.75 
 
96.66 
98.01 
 
97.59 
97.69 
 
 
The comparison of column (1) with (2) shows that the LTF model is 
consistency better than AR model in parametric and Non-parametric   
mode. Column (2), (4), (6), and (8) shows the LTF results, in term of R2 
which are equal in 6 lead times and the result which obtained in 
calibration and verification for parametric form. That the 
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parameterization uses the same equation as used in of the LTF updating 
mode. The closely agreement of R2 between single input- single output 
and multiple input-single output that indicated that the contribution of 
Dinder and Rahad is negligible. 
    
Figures below show the lead time 1day using the autoregressive updating 
mode and linear transfer function.(Annex B) 
 
 
 
  
 
        
 
                          Figure  4-5: lead time 1 AR for PLPM 
 
 
 
 
 
 
 
 
                  
                      Figure  4-6:  lead time 1 LTF for PLPM 
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                   Figure  4-7: Lead Time 1 AR for NP-LPM 
 
 
 
 
 
 
 
 
 
 
                        Figure  4-8: lead time 1 LTF for NP-LPM                    
 
 
 
 
 
                  
 
 
 
                       Figure  4-9: lead time 1 AR for MP-LPM                    
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                               Figure  4-10: lead time 1 LTF for MP-LPM 
      
 
 
 
 
 
 
 
 
                   Figure  4-11: lead time 1 AR for MNP-LPM 
  
  
 
 
 
 
 
 
 
                  
                 Figure  4-12: lead time 1 LTF for MNP-LPM 
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4.2 Real Time Flow Forecast 
 
The real time forecasting was performed using only the single input-
single output case. Due to structure of the model the 10 recent flow data 
at Sennar are needed. To forecast flows at Khartoum up to 6days lead 
time the observed value at Khartoum was 8826.8 and 9732.0 cumec for 
the parametric and non parametric respectively.  Table (4-6) below show 
the models input data. 
 
 
 
 
Table  4-6: the models input data.  
Date Flow at Sennar (cumec) Flow at Khartoum(cumec) 
1/9/2007 6807.1 8826.7 
2/9/2007 7155.6 9182.5 
3/9/2007 7600.6 9303.0 
4/9/2007 7806.2 9363.5 
5/9/2007 7919.6 9577.4 
6/9/2007 7399.4 9732.0 
7/9/2007 7342.6 10109.0 
8/9/2007 7786.4 9888.0 
9/9/2007 7833.4 9919.4 
10/9/2007 7829.58333 10045.52 
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Table  4-7: Show the models output for up to six days lead time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lead- time Flow Forecast (cumec) PLPM     Flow Forecast (cumec) 
NP-LPM 
AR LTF AR LTF 
Lead 1 10164.60 9979.91 10023.83 9934.31 
Lead 2 10260.04 10114.00 6761.67 7043.23 
Lead 3 10372.36 10241.36 2307.49 2801.46 
Lead 4 10372.36 10246.11 -1347.72 -820.69 
Lead 5 10345.58 10202.15 -3465.39 -2814.39 
Lead 6 10347.76 10104.69 -4608.05 -3744.30 
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5 CONCLUSION AND  RECOMMENDATION 
5.0 Conclusion 
 
        The reach of the Blue Nile between Sennar and Khartoum was used 
to develop a flood forecasting model. The linear perturbation model was 
used as a base model for this purpose. The model was used in single 
input- single output form where only the flow at Sennar was used as input 
the flow at Khartoum was used as output. The model also used as 
multiple input- single output where the flows at Dinder and Rahad were 
added.  
 
       The models in both its forms were calibrated using 11years of data 
and verified using 5 years of data. The calibration and verification results 
showed perfect model applicability with 99.72% and 94.20% R2 during 
calibration and 99.76% and 93.0% R2 during verification for parametric 
and non parametric respectively for single input. For the multiple input 
the R2 for calibration period was 99.72% and 95.45% and verification 
was 99.75% and 91.57%for parametric and non parametric respectively. 
 
   The calibrated model was then updated using both linear transfer 
function and autoregressive updating modes. A lead time up to six days 
was implemented. The model showed excellent performance over all the 
lead time during both calibration and verification periods. The R2 ranged 
between 99.7% and 96.5% during calibration and 99.8% to 97.9% during 
verification. The R2 decrease as the lead time increases. 
Table 5-1 below shows summary of the obtain results of the used models. 
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Table  5-1: Summary result of the used models 
 
 
The model is then used in real time forecast. The structure of the 
model in the form seems to be not wells functionary. 
  
The study concluded that the flow can be forecasted perfectly at 
Khartoum up six days lead time using flow at Sennar, Dinder and Rahad. 
The study also showed that the contribution of the Dinder and Rahad to 
flood at Khartoum is insignificant and at the later can be forecasted to an 
excellent degree of performance with only the flow at Sennar. The real 
time flow forecasting can be performed using the LPM updating either 
the LTF and AR models. 
 
 
 
 
 
Model used in 
calibration 
Model used in 
update 
Rang of R2c (%)  
lead 1- lead 6 
Rang of R2v (%) 
lead 1- lead 6 
PLPM AR 
LTF 
99.2 - 98.7 
99.7 (cont.) 
99.2- 98.8 
99.8(cont.) 
NPLPM AR 
LTF 
99.5 - 96.5 
99.7 - 97.7 
99.7 - 97.9 
99.8 - 98.2 
MPLPM AR 
LTF 
99.2 - 98.7 
99.7 (cont.) 
99.2 -98.8 
99.8(cont.) 
MNPLPM AR 
LTF 
99.5 - 96.7 
99.7 - 97.6 
99.7- 98.0 
99.7- 98.0 
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5.1 Recommendations 
 
This study was conducted in order to assess the flood forecasting 
model for Blue Nile at Khartoum, there are some recommendations 
which may enhance the outputs of this study if being considered 
 
• Real time forecasting in non parametric case was not performed 
perfectly within this study further study should contribute 
positively to this part. 
• Data analysis showed higher flows at Khartoum than Sennar 
despite the abstraction for Gezira. Analysis also showed that the 
contribution of Rahad and Dinder is negligible. Further analysis is 
required to prove this. 
• Modeling scenario for floods with certain return period to see 
flooding potential of different flood magnitudes.   
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7 Annex  
7.0 Annex A: The Mean Discharge Data at Sennar and Khartoum 
 
 
Day Mean discharge at 
Sennar(Mm3/day) 
Mean discharge at 
Khartoum(Mm3/day) 
01-Jan 11.2 22.5 
02-Jan 11.6 22.4 
03-Jan 11.5 22.4 
04-Jan 11.4 23.2 
05-Jan 11.0 22.6 
06-Jan 10.4 22.9 
07-Jan 12.0 22.3 
08-Jan 9.4 21.7 
09-Jan 10.3 21.0 
10-Jan 9.5 20.8 
11-Jan 9.3 21.1 
12-Jan 10.6 20.5 
13-Jan 9.7 19.8 
14-Jan 9.5 20.2 
15-Jan 9.7 20.3 
16-Jan 10.1 21.1 
17-Jan 9.9 20.7 
18-Jan 11.1 20.0 
19-Jan 10.0 19.9 
20-Jan 9.4 19.5 
21-Jan 10.3 19.3 
22-Jan 9.9 19.4 
23-Jan 10.1 19.5 
24-Jan 10.5 18.8 
25-Jan 9.9 18.8 
26-Jan 10.3 19.0 
27-Jan 9.6 18.9 
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28-Jan 9.4 18.6 
29-Jan 8.8 18.5 
30-Jan 9.1 18.1 
31-Jan 9.0 17.5 
01-Feb 9.0 17.2 
02-Feb 9.1 16.5 
03-Feb 9.0 16.3 
04-Feb 8.7 16.1 
05-Feb 8.6 15.9 
06-Feb 8.5 15.4 
07-Feb 8.5 14.9 
08-Feb 9.2 14.7 
09-Feb 9.1 13.7 
10-Feb 9.3 13.8 
11-Feb 9.2 13.6 
12-Feb 9.3 13.9 
13-Feb 9.8 13.9 
14-Feb 10.1 13.8 
15-Feb 8.8 13.4 
16-Feb 8.6 12.9 
17-Feb 8.6 12.8 
18-Feb 9.0 12.7 
19-Feb 9.6 12.3 
20-Feb 9.5 12.0 
21-Feb 9.5 11.7 
22-Feb 9.4 11.3 
23-Feb 9.0 11.4 
24-Feb 9.1 11.6 
25-Feb 10.0 11.5 
26-Feb 9.0 11.6 
27-Feb 8.9 11.5 
28-Feb 9.0 11.9 
01-Mar 9.4 11.3 
02-Mar 9.8 13.3 
03-Mar 10.3 12.7 
04-Mar 9.7 12.4 
05-Mar 10.0 12.2 
06-Mar 9.9 12.2 
70 
 
07-Mar 10.4 12.3 
08-Mar 10.9 12.4 
09-Mar 11.3 12.1 
10-Mar 11.0 12.6 
11-Mar 11.6 19.8 
12-Mar 12.4 13.1 
13-Mar 13.3 13.4 
14-Mar 13.2 12.7 
15-Mar 13.5 12.8 
16-Mar 14.6 13.0 
17-Mar 12.6 13.4 
18-Mar 12.0 13.7 
19-Mar 13.4 14.4 
20-Mar 11.2 14.8 
21-Mar 12.2 14.5 
22-Mar 11.8 15.4 
23-Mar 13.3 15.7 
24-Mar 14.1 16.1 
25-Mar 12.9 16.7 
26-Mar 15.1 17.5 
27-Mar 15.5 19.1 
28-Mar 15.6 20.0 
29-Mar 13.6 20.8 
30-Mar 17.2 21.6 
31-Mar 19.0 22.4 
01-Apr 16.7 23.1 
02-Apr 20.2 23.7 
03-Apr 20.6 24.4 
04-Apr 20.3 25.6 
05-Apr 24.3 27.4 
06-Apr 20.5 28.1 
07-Apr 22.6 28.9 
08-Apr 22.0 29.5 
09-Apr 23.3 30.3 
10-Apr 23.8 30.6 
11-Apr 22.2 30.7 
12-Apr 23.7 31.2 
13-Apr 22.4 31.8 
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14-Apr 22.8 31.9 
15-Apr 22.7 31.9 
16-Apr 23.4 31.6 
17-Apr 26.2 31.4 
18-Apr 26.7 32.1 
19-Apr 26.2 33.2 
20-Apr 26.1 33.0 
21-Apr 26.5 32.7 
22-Apr 26.0 34.3 
23-Apr 26.1 31.8 
24-Apr 26.2 33.6 
25-Apr 27.8 33.2 
26-Apr 26.8 33.3 
27-Apr 26.6 33.1 
28-Apr 27.3 33.7 
29-Apr 28.1 34.1 
30-Apr 29.0 34.1 
01-May 29.9 33.7 
02-May 28.0 33.7 
03-May 29.2 34.3 
04-May 30.6 34.5 
05-May 30.3 34.5 
06-May 30.2 33.3 
07-May 31.6 33.9 
08-May 34.1 33.8 
09-May 33.5 32.4 
10-May 33.8 33.0 
11-May 33.4 33.9 
12-May 32.2 33.5 
13-May 35.4 33.3 
14-May 32.3 33.3 
15-May 35.0 32.7 
16-May 32.7 31.5 
17-May 36.3 31.1 
18-May 34.3 30.0 
19-May 38.3 29.3 
20-May 35.1 28.2 
21-May 36.7 27.8 
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22-May 35.2 27.3 
23-May 36.4 27.2 
24-May 37.1 26.6 
25-May 42.6 25.4 
26-May 39.3 25.5 
27-May 36.7 25.7 
28-May 37.0 25.2 
29-May 39.7 25.2 
30-May 40.2 24.9 
31-May 41.0 24.4 
01-Jun 37.2 24.8 
02-Jun 35.5 24.9 
03-Jun 35.3 24.6 
04-Jun 42.6 24.4 
05-Jun 41.1 22.7 
06-Jun 44.0 23.9 
07-Jun 46.7 27.4 
08-Jun 50.1 29.8 
09-Jun 53.7 30.8 
10-Jun 55.3 31.8 
11-Jun 57.0 34.3 
12-Jun 57.1 35.0 
13-Jun 52.6 34.1 
14-Jun 50.5 36.0 
15-Jun 54.4 37.3 
16-Jun 54.4 36.0 
17-Jun 56.8 36.1 
18-Jun 58.7 36.7 
19-Jun 61.3 37.6 
20-Jun 71.5 39.3 
21-Jun 74.4 41.3 
22-Jun 79.7 46.0 
23-Jun 88.2 49.4 
24-Jun 96.6 52.1 
25-Jun 99.5 59.0 
26-Jun 98.2 65.2 
27-Jun 101.0 69.5 
28-Jun 94.1 73.8 
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29-Jun 99.5 73.4 
30-Jun 98.8 72.0 
01-Jul 104.7 73.0 
02-Jul 106.6 72.9 
03-Jul 109.8 73.6 
04-Jul 110.5 79.9 
05-Jul 117.1 80.0 
06-Jul 127.9 80.8 
07-Jul 128.0 84.2 
08-Jul 142.5 87.8 
09-Jul 152.5 91.4 
10-Jul 152.9 97.6 
11-Jul 153.7 105.9 
12-Jul 159.4 111.0 
13-Jul 172.1 112.4 
14-Jul 190.1 118.9 
15-Jul 209.8 129.8 
16-Jul 229.1 144.6 
17-Jul 253.7 161.2 
18-Jul 241.5 175.6 
19-Jul 238.0 178.0 
20-Jul 237.7 189.9 
21-Jul 250.7 186.6 
22-Jul 269.9 190.7 
23-Jul 284.1 201.7 
24-Jul 308.6 218.5 
25-Jul 319.0 232.3 
26-Jul 304.7 245.5 
27-Jul 348.0 252.6 
28-Jul 366.2 270.9 
29-Jul 367.4 275.3 
30-Jul 386.1 299.3 
31-Jul 390.1 316.1 
01-Aug 397.1 331.3 
02-Aug 419.0 348.8 
03-Aug 417.4 365.5 
04-Aug 419.6 383.5 
05-Aug 453.3 398.1 
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06-Aug 461.8 413.0 
07-Aug 466.3 442.3 
08-Aug 476.0 462.8 
09-Aug 469.7 478.8 
10-Aug 477.3 496.3 
11-Aug 498.3 511.5 
12-Aug 518.3 531.9 
13-Aug 520.2 546.1 
14-Aug 535.6 563.0 
15-Aug 537.9 575.1 
16-Aug 527.9 582.3 
17-Aug 543.9 582.8 
18-Aug 560.1 581.5 
19-Aug 574.9 589.4 
20-Aug 579.0 605.2 
21-Aug 565.9 611.5 
22-Aug 556.5 613.4 
23-Aug 535.7 615.3 
24-Aug 518.1 611.8 
25-Aug 519.1 599.7 
26-Aug 533.9 593.6 
27-Aug 536.6 594.0 
28-Aug 531.9 599.9 
29-Aug 537.3 595.0 
30-Aug 529.6 588.7 
31-Aug 522.8 582.8 
01-Sep 477.8 575.1 
02-Sep 466.9 564.8 
03-Sep 490.1 554.6 
04-Sep 486.5 555.3 
05-Sep 458.9 549.9 
06-Sep 444.2 535.7 
07-Sep 437.6 525.3 
08-Sep 431.8 510.1 
09-Sep 424.1 502.6 
10-Sep 411.7 495.0 
11-Sep 402.7 487.5 
12-Sep 390.6 477.8 
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13-Sep 355.2 467.2 
14-Sep 346.0 455.8 
15-Sep 350.8 443.2 
16-Sep 322.5 429.7 
17-Sep 323.0 413.1 
18-Sep 315.0 403.4 
19-Sep 289.6 399.5 
20-Sep 270.1 384.5 
21-Sep 274.7 371.3 
22-Sep 255.5 355.9 
23-Sep 238.0 343.5 
24-Sep 237.7 324.9 
25-Sep 227.0 316.9 
26-Sep 223.7 299.9 
27-Sep 232.3 286.1 
28-Sep 222.2 282.9 
29-Sep 215.7 280.6 
30-Sep 207.0 274.9 
01-Oct 183.2 263.5 
02-Oct 172.3 247.9 
03-Oct 173.3 229.4 
04-Oct 186.6 221.0 
05-Oct 167.6 219.8 
06-Oct 174.8 217.4 
07-Oct 173.5 210.2 
08-Oct 168.5 205.2 
09-Oct 171.6 202.6 
10-Oct 167.8 198.7 
11-Oct 159.4 194.5 
12-Oct 151.4 192.1 
13-Oct 154.0 186.1 
14-Oct 169.0 182.2 
15-Oct 180.3 186.0 
16-Oct 166.1 188.9 
17-Oct 164.2 191.3 
18-Oct 131.2 190.9 
19-Oct 135.8 188.2 
20-Oct 129.7 177.5 
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21-Oct 126.7 169.2 
22-Oct 138.0 163.1 
23-Oct 145.5 159.5 
24-Oct 143.9 154.8 
25-Oct 137.5 161.5 
26-Oct 124.4 154.9 
27-Oct 125.9 146.5 
28-Oct 116.3 140.5 
29-Oct 122.5 133.3 
30-Oct 113.6 130.5 
31-Oct 117.2 128.2 
01-Nov 122.4 126.7 
02-Nov 108.0 128.4 
03-Nov 99.1 128.1 
04-Nov 102.7 121.8 
05-Nov 81.7 118.9 
06-Nov 76.0 113.5 
07-Nov 75.2 103.5 
08-Nov 71.9 96.2 
09-Nov 65.3 86.7 
10-Nov 62.6 83.5 
11-Nov 58.5 78.6 
12-Nov 57.0 75.0 
13-Nov 52.8 72.1 
14-Nov 54.0 70.4 
15-Nov 53.6 67.8 
16-Nov 56.3 64.6 
17-Nov 52.3 64.5 
18-Nov 51.5 66.3 
19-Nov 48.5 64.2 
20-Nov 46.9 61.1 
21-Nov 48.8 60.3 
22-Nov 44.4 59.4 
23-Nov 41.1 58.8 
24-Nov 41.0 58.3 
25-Nov 37.7 56.8 
26-Nov 38.7 56.0 
27-Nov 33.1 54.2 
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28-Nov 34.9 53.5 
29-Nov 33.8 52.3 
30-Nov 34.9 50.8 
01-Dec 29.7 50.1 
02-Dec 29.2 50.0 
03-Dec 29.0 48.0 
04-Dec 25.7 46.9 
05-Dec 27.2 45.2 
06-Dec 23.2 44.1 
07-Dec 24.4 44.0 
08-Dec 24.1 42.2 
09-Dec 21.8 40.8 
10-Dec 22.2 39.3 
11-Dec 20.1 39.1 
12-Dec 18.8 37.3 
13-Dec 21.7 36.5 
14-Dec 20.5 35.0 
15-Dec 22.4 34.5 
16-Dec 17.8 34.5 
17-Dec 18.2 33.3 
18-Dec 18.5 32.9 
19-Dec 17.3 32.2 
20-Dec 17.3 30.8 
21-Dec 15.4 30.8 
22-Dec 17.6 29.3 
23-Dec 15.2 28.5 
24-Dec 11.8 28.1 
25-Dec 14.3 27.4 
26-Dec 13.2 27.3 
27-Dec 13.7 25.7 
28-Dec 14.2 25.4 
29-Dec 11.7 25.2 
30-Dec 10.8 24.7 
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 Annex B: The Lead Time  
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